Context. Near-Earth asteroid (hereafter NEA) 162173 (1999 JU3) is a potential target of two asteroid sample return missions, not only because of its accessibility but also because of the first C-type asteroid for exploration missions. The lightcurve-related physical properties of this object were investigated during the 2011 -2012 apparition. Aims. We aim to confirm the physical parameters useful for JAXA's Hayabusa 2 mission, such as rotational period, absolute magnitude, and phase function. Our data complement previous studies that did not cover low phase angles. Methods. With optical imagers and 1-2 m class telescopes, we acquired the photometric data at different phase angles. We independently derived the rotational lightcurve and the phase curve of the asteroid. 
Introduction
NEA 1999 JU3 is the primary target of JAXA's Hayabusa 2 mission and also a backup target of NASA's OSIRIS-REx mission. It is classified as a C-type asteroid (Binzel et al. 2001; Vilas 2008) . Objects associated with this class have spectra similar to those of carbonaceous chondrite meteorites and are likely to contain abundant hydrous minerals and organics (Sato et al. 1997) .
The results of lightcurve observations during the last opportunity in 2007 indicated that 1999 JU3 has a synodic rotational period of 7.6272 ± 0.0072 hr (Abe et al. 2008) . From the midinfrared observations, it was found that the asteroid has an effective diameter of 0.87 ± 0.03 km and a geometric albedo of 0.070 ± 0.006 (Müller et al. 2011; Hasegawa et al. 2008) . The pole orientation derived by the lightcurve observations still has a large uncertainty. Kawakami et al. (2010) obtained the pole axis of λ = 331
• ± 10
• and β = 20 • ± 10 • while Müller et al. (2011) deduced λ = 73
• and β = −62 • , where λ and β are the ecliptic longitude and latitude of the pole orientation. Knowledge of these parameters is essential for the safety and fuel efficiency of landing and sampling on the asteroid. To confirm and up-⋆ Photometric data is only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/550/L11 ⋆⋆ corresponding author, e-mail: yjchoi@kasi.re.kr date this information, it is critical to conduct observations of the asteroid during the successive apparitions. We had an observation opportunity for 1999 JU3 in the May to July 2012 season. It was the last chance to gather ground-based data before the launch of Hayabusa 2, which is scheduled in July 2014, with backup launch opportunities in December 2014 and in June and December 2015.
In this paper, we outline our observations, data reduction, and analysis. We derived the rotational period and peak-to-peak variation from the lightcurve and the H-G parameters based on our data set. Because the previous lightcurve data is not publicly available at the moment, it is beyond the scope of this paper to update the value of pole orientation.
Observations
Observations of 1999 JU3 were carried out for 13 nights during its apparition in 2011 and 2012, with 1-2 m class telescopes using CCD cameras with the University of Hawaii (UH) 2.2 m telescope in Hawaii, USA, the Calar Alto (CA) Astronomical Observatory 1.2 m telescope in Almeria, Spain, the Nish-Harima (NH) Astronomical Observatory Nayuta 2 m telescope in Sayo, Japan, the Tubitak Ulusal Gozlemevi (TUG) 1 m telescope in Bakirlitepe, Turkey, and the 2 m Himalayan Chandra Telescope (HCT) in Hanle, India. The details of the observatories including Notes. UT date corresponding to the mid time of the observation, J2000 coordinates of 1999 JU3 (RA and DEC), Phase Angle Bisector (PAB) -the bisected arc between the Earth-asteroid and Sun-asteroid lines -ecliptic longitude (L PAB ) and ecliptic latitude (B PAB ), the solar phase angle (α), the helicentric (r) and the topocentric distances (∆), the apparent predicted magnitude (V), average seeing and sky condition.
instruments are shown in Table 1 . Out of 13 nights of our observations, the UH data were obtained in 2011, while the other observations just after opposition were mostly conducted during the June to July period in 2012. Because 1999 JU3 was relatively faint in 2011, all images taken with the UH 2.2 m telescope were acquired through the nonsidereal tracking mode that corresponds to the predicted motion of the object. The CA 1.2 m telescope was tracked with a tracking vector halfway between sidereal rate and that of 1999 JU3. In this way both 1999 JU3 and the background stars were trailed by the same amount. The three other telescopes were guided at sidereal rates, and the exposure time was determined by two factors: the apparent motion of the asteroid was set to be less than the FWHM of the stellar profiles at each observatory; the signal-to-noise ratio of the object was adjusted to be greater than 30. Accordingly, during the observations made at the sidereal rate, the maximum exposure never exceeded 300 seconds. The details of observations are listed in Table 2 : the date (UT ), the median coordinates (RA and DEC, J2000), phase angle bisector (PAB), ecliptic longitude (L PAB ), ecliptic latitude (B PAB ), the solar phase (sun-asteroid-observer's) angles (α), heliocentric-(r) and topocentric-(∆) distances, the apparent predicted magnitudes (V), the average size of seeing disk, and the sky condition. Conducting observations in a wide range of solar phase angles is of utmost importance when calculating both the absolute magnitude (H) and the slope parameter (G). For this purpose, we obtained data of 1999 JU3 at different phase angles, between 6 and 54 degrees. The weather during the observational runs was mostly clear, however, on the nights of 22 June 2012 in Japan and 18-19 July 2012 in India, we had cirrus. Photometric standard stars were observed on 17 July 2012 with the HCT 2 m telescope and 6 August 2011 with the UH 2.2 m telescope. We made time-series observations with the Johnson R filter in order to characterize the rotational status of the asteroid because the combinations of R-band and optical imagers provide the highest sensitivity for asteroidal surfaces. During the observational windows in the June-July 2012 season, we were not able to cover the whole rotational period on a single night in the northern hemisphere due to shorter visibility.
During the 20-24 June period, we organized three observatories in Japan, Turkey, and Spain in order to perform consecutive observations to cover the entire lightcurve. In addition, the fiveday continuous observation conducted at CA enabled us to obtain a full-phased lightcurve with a sufficient signal-to-noise ratio. Observations dedicated to calibration for different telescopes were carried out in Turkey on August 2012. To calibrate all the data gathered from various observatories, the same CCD fields imaged in June and July 2012 were taken on a single photometric system at the TUG 1 m telescope.
Data reduction
All the data reduction procedures were performed using the Image Reduction and Analysis Facility (IRAF) software package. Bias and dark frames with relatively high-standard deviations were excluded in our analysis. Twilight sky flats were derived before sunrise and after sunset, and combined to create a master flat image for each night. The lightcurves of 1999 JU3 were constructed based on relative magnitude, which is the difference between instrumental magnitude of the asteroid and an average magnitude of each comparison star. To choose a set of comparison stars, we inspected whether there is any short-term variability in the brightness of a star, according to the following method. We overlapped each frame that was taken during the same night in order to calculate differences in magnitude of each star and the median value of the ensemble of the remaining stars. In such a way, we were able to determine standard deviations in each frame, and hence checked if they had variability during the course of single night's observation. Likewise, we repeatedly applied the same procedure to the other CCD fields, and successfully found stars with minimum standard deviation. We may thus conclude that they have the smallest amount of light variation in each field. Finally, we selected three to five comparison stars with the typical scatter in the comparison star's magnitudes of 0.01 -0.02.
The resulting lightcurve was reconstructed based on the magnitudes of the comparison stars computed from the calibration images taken on the 13 August 2012. Then, we computed the offsets that occurred by magnitude corrections in each frame and applied them to all fields. In the next step, differential offsets were applied to the combined lightcurve. The final step in our data reduction process is observation time (UT ) correction for light travel time. Standard star observations of the Landolt (1992) catalog stars were obtained with the HCT 2 m telescope on 17 July 2012 and with the UH 2.2 m telescope on 6 August 2011 in photometric conditions. The photometry of standard stars was performed with an aperture of 12 arcsec. Using the IRAF photcal package, the zeropoints, atmospheric extinction coefficients, and color terms for Johnson B, V, and R filters were calculated for each night.
Analysis and results

Rotational period and lightcurve
To find the periodicity in the lightcurve, the fast chi-squared (F χ 2 ) technique (Palmer 2009 ) was employed. In addition, we checked the result with the discrete Fourier transform algorithm (Lenz and Breger 2005) . These two different techniques produced similar results, e.g., a rotational period of 7.6248 hr and 7.6251 hr, respectively, whose discrepancy is only one second. A single strong peak found at PF χ 2 = 3.14763 cycle/day = 7.6248 hr seems to be consistent with 0.3178 days from the previous observation conducted during the apparition in the 2007 -2008 season (Abe et al. 2008) . We also obtained the highest spectral power at 6.29498 cycle/day with the discrete Fourier transform algorithm, which corresponds to a rotational period of 7.6251 hr assuming a double-peaked lightcurve.
Before combining the lightcurves acquired at different solar phase angles, we investigated the effect of changing the viewing longitude (Magnusson et al. 1989) . However, considering the geometry of the Sun, the Earth, and the asteroid in June -July 2012 (see Table 2 ), the maximum difference between the observed synodic period and the sidereal period (Harris et al. 1984 ) was found to be 0.0013 hr, which is negligible and within the statistical errors. We present the resulting composite lightcurve of 1999 JU3 in Fig. 1 , which is folded with the period of 7.625 ± 0.003 hr at the epoch of JD 2456106.834045. We combined the data obtained from different telescopes and instruments and computed relative magnitudes based on our observations of comparison stars. We also made use of the observation conducted on 12 June 2012 as a reference for calibration procedures. The peak-to-peak variations in magnitude are caused by change in the apparent cross-section of the rotating tri-axial ellipsoid, with semi-axes a, b, and c, where a > b > c when the body rotates along the c axis. The lower limit of axis ratio a/b can be expressed as a/b = 10 0.4∆m (Binzel et al. 1989) . The peak-to-peak variation in the lightcurve becomes larger with the increase in the solar phase angle. For this reason, we divided our lightcurve data into three groups: 1) early June around 7 deg phase, 2) end of June around 21 deg phase, and 3) mid July around 37 deg phase. The following empirical relationship between those two parameters was found by Zappala et al. (1990) .
where A(0 • ) is the amplitude of lightcurve at zero phase angle and A(α) is the amplitude measured at solar phase angle = α. Zappala et al. (1990) found best-fit m-values of 0.030, 0.015, and 0.013 degree −1 for S, C, and M-type asteroids, respectively. We obtained the same result of the amplitude A(0 • ) = 0.12 from those three groups with the m-value of 0.015 for an average Ctype asteroid, which implies a lower bound for the a/b axis ratio of 1.12.
H − G parameters and size
To reproduce the phase curve of 1999 JU3, all the data were calibrated on the basis of absolute magnitudes of comparison stars obtained from the photometric observation either on 17 July 2012 with the HCT 2 m telescope or on 6 August 2011 with the UH 2.2 m telescope. Our observations covered the phase angle from 6
• to 55
• . We note that the previous works did not contain the data at low phase angles (α < 20
• ). Figure 2 shows the phase angle dependence of the reduced magnitude of 1999 JU3. Owing to the narrow visibility window in the northern hemisphere during the 2012 apparition, our data obtained on a single night did not encompass a full rotational phase. Therefore we plotted the CA0606  CA0608  CA0620  TUG0621  CA0621  NH0622  CA0622  CA0624  TUG0704  HCT0717  HCT0718  HCT0719  UH0806( (Harris et al. 1989; Lagerkvist and Magnusson, 1990) ; however, there is still a large uncertainty in determining the G value. The diameter D of an asteroid can be calculated through the relation between absolute magnitude and visual geometric albedo (Bowell and Lumme, 1979) :
In practice, the size of an asteroid is more precisely determined by thermal IR observations. If we adopt the size of 1999 JU3 as 0.87±0.03 km (Müller et al. 2011) , the R-band geometric albedo of 0.078 ± 0.013 can be obtained using Eq. (2).
Conclusions
We have introduced the composite lightcurve of 1999 JU3 and found a synodic rotational period of 7.625 ± 0.003 hr. Since the longitude and latitude of the PAB changed little during the period covered by our 2012 observations (about 10 deg and 4 deg, respectively), we used the whole 2012 data set for our analysis. When we compared the period of 7.6272 ± 0.0072 hr derived from the previous study (Abe et al. 2008 ) with ours, it was found that the precision has been slightly increased.
In addition, we re-analyzed the 1999 JU3 data obtained in the Subaru-Mitaka-Okayama-Kiso Archive System (SMOKA) (Baba et al. 2002) Overall shapes of individual lightcurves look very similar to each other (See Figure 3) . It might be regarded as a clue that we were looking at the asteroid from similar aspect angles during each apparition.
Based on our new data, we presented the phase curve of 1999 JU3 encompassing a wide range of viewing geometry, together with the absolute magnitude H R = 18.69 ± 0.07 mag and the slope parameter G = −0.09 ± 0.03.
